Introduction
============

Atherosclerotic cardiovascular diseases are among the major causes of health issues in the past decades. Macrophages, particularly foam cells, play a pivotal role in the development and progression of early- and late-stage atherosclerotic lesions ([@b1-ijmm-39-06-1452]). Foam cell development is related to the imbalance between lipid uptake and efflux ([@b2-ijmm-39-06-1452]). Promoting cholesterol efflux from foam cells is important to decrease the size of atherosclerotic plaques and protect the cells from atherosclerosis. Multiple mechanisms are involved in cholesterol efflux, including free diffusion, membrane adenosine triphosphate (ATP)-binding cassette (ABC) transporters and lipoprotein receptors ([@b3-ijmm-39-06-1452],[@b4-ijmm-39-06-1452]).

ABCA1 is a key transporter which mediates cellular cholesterol and phospholipid efflux to lipid-poor apolipoprotein A-I (apoA-I) in high-density lipoprotein (HDL) synthesis and reverses cholesterol transport, which is underscored by the marked accumulation of lipids in peripheral tissues observed in Tangier disease ([@b5-ijmm-39-06-1452]). Furthermore, loss-of-function mutations in the ABCA1 gene in humans positively correlate with aortic intima thickness ([@b6-ijmm-39-06-1452]). ABCA1 mutations block the capacity of ABCA1 to induce macrophage cholesterol efflux and have been shown to promote atherosclerosis ([@b7-ijmm-39-06-1452]). Thus, ABCA1 is thought to be a promising therapeutic target for the prevention of atherosclerosis.

The expression of the ABCA1 gene in macrophages is transcriptionally regulated by ligand-dependent nuclear receptors ([@b8-ijmm-39-06-1452]). Peroxisome proliferator-activated receptor γ (PPARγ) (a member of the nuclear receptor superfamily) enhances cholesterol efflux by inducing the transcription of the liver X receptor α (LXRα) gene and ABCA1 ([@b9-ijmm-39-06-1452]). LXRα binds heterodimers with retinoid X receptor and follows a connection of specific DNA response elements in the ABCA1 promoter to stimulate the ABCA1 gene transcription. This stimulation increases ABCA1-dependent cholesterol efflux to apoA-I ([@b10-ijmm-39-06-1452]). Thus, PPARγ/LXRα/ABCA1 signaling represents a powerful means of stimulating cholesterol efflux in macrophages and strongly affects the development of atherosclerotic plaques.

Allicin is an essential anti-atherosclerotic that has been studied for its cardioprotective properties with very promising results ([@b11-ijmm-39-06-1452]). A recent study reported that allicin exerts powerful effects, protecting HUVECs from apoptosis and suggested that the protection occurs via a mechanism involving the protection from H~2~O~2~-mediated oxidative stress ([@b12-ijmm-39-06-1452]). In addition, allicin reduces cholesterol levels and inhibits macrophage cytokine production induced by lipopolysaccharide (LPS), and alters the composition of fatty acids in mice or rats fed a high-fat acid diet ([@b13-ijmm-39-06-1452],[@b14-ijmm-39-06-1452]). However, the role of allicin in lipid accumulation in foam cells remains unclear.

The present study explored the effects of allicin on lipid accumulation and cholesterol metabolism-related gene expression in order to examine the effects of cholesterol efflux on THP-1 macrophage-derived foam cells. Our findings demonstrate that allicin reduces lipid accumulation through the upregulation of ABCA1 expression via PPARγ/LXRα signaling in THP-1 macrophage-derived foam cells. Overall, the results provide a new direction for the prevention of atherosclerosis.

Materials and methods
=====================

Materials and reagents
----------------------

RPMI-1640 medium (SH30809) and fetal bovine serum (FBS; SH30088.03HI) were acquired from (GE Healthcare Life Sciences HyClone, Logan, UT, USA); TRIzol reagent (15596026), Lipofectamine^®^ 2000 transfection reagent (11668030) and the cDNA synthesis kit (N8080234) were purchased from Invitrogen/Thermo Fisher Scientific, Inc. (Waltham, MA, USA); antibodies to allicin (sc-480646), phorbol myristate acetate (PMA; sc-3576) and GW9662 (PPARγ antagonist; sc-202641), rabbit monoclonal antibody against ABCA1 (sc-53482), and β-actin (sc-7210), LXRα (sc-1000) and PPARγ (sc-9000) antibodies were all purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); cell lysis buffer (P0013) was purchased from Beijing ComWin Biotech Co., Ltd. (Beijing, China); streptomycinc and penicillin (ST488-1 and ST488-2) were purchased from Beyotime (Shanghai, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; C0009) was obtained from Beyotime.

Construction of foam cell model
-------------------------------

THP-1 cells (purchased from the Cell Culture Center, Institute of Biochemistry and Cell Biology, Chinese Academy of Life Sciences, Shanghai, China; cat. no. CBD11410) were cultured in RPMI-1640 (10% FBS, 100 *µ*g/ml streptomycin and 100 U/ml penicillin) at 37°C in a 5% CO~2~ humidified atmosphere, and then treated 100 nM PMA for 24 h. Subsequently, the medium was replaced with fresh medium and the cells were incubated with 50 mg/ml oxydized low-density lipoprotein (ox-LDL) for 48 h to establish the model of THP-1 macrophage-derived foam cells.

High-performance liquid chromatography (HPLC) assays
----------------------------------------------------

HPLC analysis was conducted as previously described ([@b15-ijmm-39-06-1452]). Sterol analyses were performed using a HPLC system (2790; controlled with Empower Pro software; Waters Corp., Milford, MA, USA). Sterols were detected using a photodiode array detector equipped with a 4^−1^ liter cell (996; Waters Corp.). The analysis of cholesterol and cholesterol esters was performed following elution with acetonitrile (sc-477507)-isopropanol (sc-489314) (both from Santa Cruz Biotechnology, Inc.) at 30:70 (v/v) and detected by absorbance at 210 nm.

Cellular cholesterol efflux experiments
---------------------------------------

Cellular cholesterol efflux analysis was conducted as previously described ([@b15-ijmm-39-06-1452]). In brief, the THP-1 cells were cultured with 0.2 *µ*l Ci/ml of \[^3^H\]cholesterol and ox-LDL (50 *µ*g/ml) for 48 h, followed by treatment with allicin. The cells were then washed with phosphate-buffered saline (PBS) 3 times and incubated with RPMI-1640 medium containing 0.1% BSA and 20 *µ*g/ml human plasma apoA-1 (sc-111827; Santa Cruz Biotechnology, Inc.) overnight. Liquid scintillation counting was used to measure \[^3^H\]cholesterol in the medium and cells. Percentage efflux was calculated using the following equation: \[total medium counts/(total cellular counts + total medium counts)\] ×100%.

Evaluation of lipid accumulation by Oil Red O staining
------------------------------------------------------

THP-1 macrophage-derived foam cells were seeded in 6-well plates (4×10^5^ cells/well). The cells were treated with allincin, alone or together with small interfering RNA (siRNA) or GW9662 for an additional 6 h. After 6 h, the cells were washed with PBS 3 times (15 sec each time), and incubated with 10% formalin 5 min. After rinsing with 60% isopropanol, the cells incubated with fresh filtered Oil Red O solution for 15 min and then washed with isopropanol (60%) (sc-489314), followed by counterstaining with hematoxylin (sc-396328) (both from Santa Cruz Biotechnology, Inc.) for 4 min and the cells were then observed and photographed using a microscope.

MTT assay
---------

The THP-1 macrophage-derived foam cells (8×10^3^/ml) were seeded in 96-well microtiter plates (CW0543; ComWin Biotech Co., Ltd., Beijing, China). The cells were then incubated with various concentrations of allicin (2.5, 5, 10, 20 and 40 g/l) for 24 h or were incubated with 5 g/l allicin for different time preiods of time (3, 6, 12, 24 and 48 h). Subsequently, 10 *µ*l MTT solution was added to each well, followed by incubation for 4 h at 37°C. The absorbance at the 490 nm wavelength was measured using a 2104 EnVision Multilabel Reader (cat. no. 2104-0010; PerkinElmer, Inc., Waltham, MA, USA). Cell viability was calculated as follows: cell viability (%) = \[(allicin A value - untreated control A value)\]/\[(control group A value - untreated control A value)\] ×100%.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Total RNA was extracted from the cells using TRIzol reagent (cat. no. 15596026; Invitrogen/Thermo Fisher Scientific, Inc.). Subsequently, complemetary DNA was synthesized using a reverse transcriptase kit (cat. no. N8080234; Invitrogen/Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. The relative mRNA expression levels of were determined using a SYBR-Green real-time PCR kit (cat. no. 4367659; Agilent Technologies, Inc., Santa Clara, CA, USA) and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). qPCR was performed using the ABI 7500 Fast Real-Time PCR system (cat. no. 4406985; Applied Biosystems/Thermo Fisher Scientific, Inc.) and the following gene-specific primers: GAPDH sense, 5′-TGCCATCAACGA CCCCTTCA-3′ and antisense, 5′-TGACCTTGCCCACAGCC TTG-3′; ABCA1 sence, 5′-TCCAGGCCAGTACGGAATTC-3′ and antisense, 5′-ACTTTCCTCGCCAAACCAGTAG-3′; LXRα sense, 5′-TCTGCGGTGGAGCTGTGGAA-3′ and anti-sense, 5′-TGACGCTGGGCGGAAGAAT-3′; PPARγ sense, 5′-CCTCCCTGATGAATAAAGATGG-3′ and antisense, 5′-GCAAACTCAAACTTAGGCTCCA-3′. All primers were designed using the National Center for Biotechnology Information Primer-BLAST tool (<http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=Blast> Home). PCR was performed under the following conditions: denaturation at 50°C for 2 min, followed by 38 cycles of 95°C for 15 sec and 60°C for 1 min. Gene expression was normalized to internal controls and fold changes were calculated using relative quantification (2^−ΔΔCq^).

Western blot analysis
---------------------

The cells were lysed in RIPA buffer (cat. no. P0013; Beyotime) and 1 mmol/l phenyl methyl sulfonyl fluoride (PMSF; cat. no. ST506-2; Beyotime) at 94:6. The protein concentration was determined using a BCA protein assay kit (cat. no. 23227; Thermo Fisher Scientific, Inc.), following the manufacturer\'s instructions. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (cat. no. P0012A) (10%) and then transferred onto a polyvinylidene difluoride membranes (PVDF) (cat. no. FFP39) (both from Beyotime). The membranes were immunoblotted with anti-β-actin (1:1,000), anti-ABCA1 (1:500), anti-PPARγ (1:250), anti-LXRα (1:250) antibodies at 4°C overnight. Subsequently, the corresponding secondary antibody (1:1,000) conjugated with peroxidase and enhanced chemiluminence reagents (cat. no. P0018; Beyotime) were applied to visualize the targeted antigens. The protein contents were assessed using LabWork image analysis software (cat. no. P2403; Biomagin Systems Pvt., Ltd., Battaramulla, Sri Lanka).

Transfection with siRNA
-----------------------

siRNA targeting ABCA1 (Q000000019-1-B) were purchased from RiboBio Co., Ltd. (Guangzhou, China), PPARγ (sc-29455) and LXRα (sc-38829) were all purchased from Santa Cruz Biotechnology, Inc. A control siRNA specific for the red fluorescent protein (CCACTACCTGAGCACCCAG) was used as a negative control (sc-37007; Santa Cruz Biotechnology, Inc.). The cells (2×10^6^ cells/well) were transfected using Lipofectamine 2000 (Invitrogen) as previously described ([@b16-ijmm-39-06-1452]). The effeciency of transfection was examined bys by RT-qPCR and western blot analysis.

Statistical analysis
--------------------

The experiments were performed in 3 or more different repetitions. The data are presented as the means ± standard deviation (SD). The statistical significance of differences between groups was analyzed with the Student\'s t-test using SPSS 11.0 and GraphPad Prism 5.0 software. Values of P≤0.05 were considered to indicate statistically significant differences.

Results
=======

Effect of allicin on the viability of THP-1 macrophage-derived foam cells
-------------------------------------------------------------------------

First, we examined the effect of allicin on THP-1 macrophage-derived foam cells. THP-1 macrophage-derived foam cells were stimulated with PMA and ox-LDL (50 mg/l), and the cells were then maintained in fresh serum-free medium for 4 h to synchronize their growth. The medium was replaced with fresh serum-free medium containing various concentrations of allicin (2.5, 5, 10, 20 and 40 g/l) and the cells were then incubated for 24 h. The results of MTT assay indicated that the viability of THP-1 macrophage-derived foam cells decreased with the increasing concentrations of allicin, with the most promiment effect observed at the concentration of 40 g/l; cell viability was not altered at a low concentration of allicin (5 g/l) ([Fig. 1A](#f1-ijmm-39-06-1452){ref-type="fig"}). The THP-1 macrophage-derived foam cells were incubated with 5 g/l allicin for 0, 6, 12, 24 and 48 h to investigate whether allicin reduces cell viability in a time-dependent manner. The results of MTT assay indicated that the viability of the THP-1 macrophage-derived foam cells was not altered when incubated with 5 g/l allicin for different periods of time ([Fig. 1B](#f1-ijmm-39-06-1452){ref-type="fig"}).

Allicin reduces lipid accumulation in THP-1 macrophage-derived foam cells
-------------------------------------------------------------------------

the THP-1 macrophage-derived foam cells were incubated with 5 g/l of allicin for 24 h to investigate whether allicin reduces lipid accumulation. The cells were stained with Oil Red O. Compared with the model group, 5 g/l allicin significantly decreased intracellular lipid droplet accumulation ([Fig. 2](#f2-ijmm-39-06-1452){ref-type="fig"}). Moreover, we detected the total cholesterol (TC), free cholesterol (FC), and cholesterol ester (CE) levels in THP-1 macrophage-derived foam cells following incubation with 5 g/l allicin for 24 h. The results revealed that allicin significantly decreased the levels of TC, FC and CE in the THP-1 macrophage-derived foam cells ([Table I](#tI-ijmm-39-06-1452){ref-type="table"}). These findings demonstrated that allicin reduced lipid accumulation in THP-1 macrophage-derived foam cells.

Allicin increases cholesterol efflux by upregulating ABCA1 expression in THP-1 macrophage-derived foam cells
------------------------------------------------------------------------------------------------------------

Reverse cholesterol transport (RCT) is the key to inhibit the formation of foam cells. ABCA1, a membrane transporter, plays a critical role in cholesterol efflux, HDL metabolism and macrophage RCT ([@b16-ijmm-39-06-1452]). Therefore, in this study, we first examined the effects of allicin on cholesterol efflux. The results revealed that allicin increased cholesterol efflux in THP-1 macrophage-derived foam cells ([Table II](#tII-ijmm-39-06-1452){ref-type="table"}). The mRNA and protein expression patterns of ABCA1 were detected by RT-qPCR and western blot analysis. As shown in [Fig. 3](#f3-ijmm-39-06-1452){ref-type="fig"}, allicin significantly upregulated ABCA1 expression at both the mRNA and protein level.

Subsequently, we further investigated whether allicin increases cholesterol efflux by upregulating the ABCA1 expression in THP-1 macrophage-derived foam cells. Transfection with ABCA1 siRNA eliminated the effects of allicin, thus increasing intracellular lipid droplet accumulation, leading to higher levels of TC, FC and CE in the transfected cells compared to the cells treawted with allicin ([Fig. 4](#f4-ijmm-39-06-1452){ref-type="fig"} and [Table III](#tIII-ijmm-39-06-1452){ref-type="table"}). Furthermore, we detected the protein expression of PPARγ and LXRα. As shown in [Fig. 3B](#f3-ijmm-39-06-1452){ref-type="fig"}, allicin increased PPARγ and LXRα protein expression, indicating that the upregulation of ABCA1 expression occurred via PPARγ/LXRα signaling.

PPARγ-LXRα signaling is involved in the allicin-induced upregulation of ABCA1 expression in THP-1 macrophage-derived foam cells
-------------------------------------------------------------------------------------------------------------------------------

Previous studies have reported that PPARγ/LXRα signaling is the key to upregulating ABCA1 expression ([@b7-ijmm-39-06-1452],[@b10-ijmm-39-06-1452]). Thus, we wished to further confirm whether allicin upregulates the expression of ABCA1 via PPARγ/LXRα signaling in THP-1 macrophage-derived foam cells. Firstly, the THP-1 macrophage-derived foam cells were treated with PPARγ siRNA or GW9662 (a PPARγ antagonist; 10 mmol/l) prior to exposure to 5 g/l allicin. As shown in [Fig. 5](#f5-ijmm-39-06-1452){ref-type="fig"}, pre-treatment of the cells with PPARγ siRNA or GW9662 markedly abolished the effects of allicin, leading to a decrease in the expression of LXRα and ABCA1. These results indicate that PPARγ is involved in the allicin-induced upregulation of ABCA1 expression, and that LXRα may play a role in the regulation of ABCA1 expression by allicin. Moreover, transfection of the THP-1 macrophage-derived foam cells with LXRα siRNA significantly decreased the expression of ABCA1 ([Fig. 6](#f6-ijmm-39-06-1452){ref-type="fig"}). These results thus indicate that allicin upregulates ABCA1 expression via PPARγ/LXRα signaling in THP-1 macrophage-derived foam cells.

Discussion
==========

Both clinical and reference studies have reported that allicin may help in delaying the progression of cardiovascular diseases. Atherosclerosis is the basis of cardiovascular diseases; cellular cholesterol accumulates in lipid-engorged macrophage foam cells, thereby driving lipid deposition to the core of atherosclerosis ([@b1-ijmm-39-06-1452]). Thus, inhibiting the formation of foam cells is an important therapeutic strategy for atherosclerosis. ABCA1-mediated cholesterol efflux is a process through which excess cell cholesterol of foam cells is picked up by HDL particles and delivered to the liver for final excretion ([@b3-ijmm-39-06-1452]). In the present study, our data supported the finding that allicin upregulates the expression of ABCA1 to increase cholesterol efflux and reduce cellular cholesterol and CE via PPARγ/LXRα signaling in THP-1 macrophage-derived foam cells.

Allicin is a major active component that can be extracted from garlic samples. It has been demonstrated that allicin exerts anti-inflammatory, antioxidant and lipid-modulating effects ([@b14-ijmm-39-06-1452]). It has also been shown that allicin can i) protect vascular endothelial cells by delaying the oxidation of LDL, ii) prevent blood clots by inhibiting platelet aggregation, and iii) increase HDL-C but reduce TC, triglyceride and LDL levels ([@b17-ijmm-39-06-1452]). Animal tests have also revealed that allicin reduces the atherosclerotic plaque area of LDLR^−/−^ and apoE^−/−^ mice and significantly reduces the level of cholesterol in mice ([@b18-ijmm-39-06-1452]); however, the molecular mechanisms involved are unclear. Subsequent studies have indicated that allicin can regulate the NF-κB signaling pathway, as well as inhibit the expression of interleukin-6 and tumor necrosis factor-α ([@b17-ijmm-39-06-1452],[@b19-ijmm-39-06-1452]). Inflammation and cholesterol metabolism disorder are considered major risk factors that give rise to atherosclerosis; however, allicin can be potentially used as an anti-atherosclerotic. However, studies on the effects exerted by allicin on lipid accumulation in foam cells are relatively few. On the basis of these studies, the current study determined the effects of allicin on cholesterol efflux and lipid accumulation in foam cells and proposed the pertinent mechanism by observing the anti-atherosclerotic efects of allicin from the core process of atherosclerosis occurrence. A new experimental basis was provided for studies regarding the preventive effects of allicin on atherosclerosis. In addition, this study demonstrated the effects of allicin on the vitality of THP-1 foam cells. According to the results, allicin can degrade cell vitality at higher concentrations. However, cell vitality was not significantly altered at \<5 g/l allicin. Moreover, 5 g/l allicin was used to examine the effects of various treatments durations, and cell vitality was found to be unaltered with time. Finally, 5 g/l allicin was used to process foam cells and observe any change in lipid droplet accumulation in these cells. As shown in [Fig. 2](#f2-ijmm-39-06-1452){ref-type="fig"} and [Table I](#tI-ijmm-39-06-1452){ref-type="table"}, 5 g/l allicin decreased lipid accumulation in foam cells and inhibited lipid droplet formation. Thus, allicin exerted a direct inhibitory effect on lipid accumulation in foam cells.

Cholesterol efflux is the main pathway for reducing lipid accumulation in foam cells. ABCA1 is the core protein for regulating RCT. By inducing cholesterol efflux from cells, allicin significantly balanced the lipids in cells. Studies have indicated that ABCA1 is the key protein for driving cholesterol efflux and reducing lipid accumulation in foam cells. Xu *et al* ([@b20-ijmm-39-06-1452]) and Liu *et al* ([@b21-ijmm-39-06-1452]) reported that the upregulated expression of ABCA1 significantly facilitated the efflux of cholesterol from THP-1-derived foam cells; it also reduce the levels of TC, FC and CE within foam cells, and reduced lipid accumulation in foam cells. By contrast, the inhibition of ABCA1 expression may also hinder cholesterol efflux and facilitate lipid accumulation in foam cells. Westerterp *et al* ([@b22-ijmm-39-06-1452]) and He *et al* ([@b23-ijmm-39-06-1452]) also confirmed this observation. On the basis of previous results, we deduced that ABCA1 is the key protein for reducing lipid accumulation in foam cells through the effects of allicin. To prove the correctness of this deduction, we observed the change in ABCA1 expression along with cholesterol efflux from foam cells after processing these cells with 5 g/l allicin. The results indicated that allicin indeed upregulated ABCA1 expression in foam cells and facilitated cholesterol efflux. Subsequently, the cells were transected with ABCA1 siRNA. Allicin was found to facilitate cholesterol efflux from the foam cells, and this reducing effect on lipid accumulation in foam cells was reversed by ABCA1 siRNA. These observations confirmed our deduction and indicated that the upregulation of ABCA1 facilitates cholesterol efflux and decreases lipid accumulation in foam cells through allicin treatment.

The PPARγ/LXRα pathway is the core mechanism for regulating ABCA1 expression, and the effect of this pathway on ABCA1 expression has been widely accepted ([@b24-ijmm-39-06-1452]). Liver X receptor, as a nuclear transcription factor, can regulate multiple genes in the cholesterol-transporting pathway, e.g., transcriptional regulation of ABCA1 and ABCG1 ([@b25-ijmm-39-06-1452]). Another study demonstrated that the LXR stimulant, T0901317, inhibited the progression of atherosclerosis in mice ([@b26-ijmm-39-06-1452]). Cellular experiments have confirmed that T0901317 upregulates ABCA1 and ABCG1 expression by activating LXRα in macrophages, thereby driving cholesterol within the cells to flow to apoAI and HDL and inhibiting the formation of foam cells ([@b27-ijmm-39-06-1452]). However, another study indicated that LXRα expression was regulated by other nuclear transcription factors, e.g., PPAR ([@b28-ijmm-39-06-1452]). PPAR, a type of nuclear transcription factor, has 3 subtypes: PPARα, PPARβ and PPARγ. These nuclear transcription factors are combined with their respective ligands to alter spatial conformation and subsequently combine with the PPAR response element within the target gene promoter to regulate the transcription of the target gene. These nuclear transcription factors can also activate LXRα and combine with AX receptor to form a heterodimer, which regulates the transcription of the target gene. Among the 3 PPAR subtypes, PPARγ can regulate glucose and lipid metabolism, as well as inflammatory response and immunity ([@b29-ijmm-39-06-1452],[@b30-ijmm-39-06-1452]). Hence, these transcription factors are the key to the transcriptional regulation of cell differentiation and lipid metabolism. It has been demonstrated that PPARγ upregulates LXRα expression ([@b31-ijmm-39-06-1452]) and that allicin upregulates PPARγ expression and regulates the inflammatory response of endothelial cells ([@b17-ijmm-39-06-1452]). Therefore, the PPARγ/LXRα pathway contributes to the promoting effect of allicin on ABCA1 expression. As shown in [Fig. 3](#f3-ijmm-39-06-1452){ref-type="fig"}, that allicin upregulated PPARγ and LXRα protein expression in THP-1 foam cells. Furthermore, to determine the participation of the PPARγ/LXRα pathway in the upregulation of ABCA1 expression by allicin, we transfected the THP-1 foam cells with PPARγ siRNA or an inhibitor, along with LXRα siRNA. Subsequently, we observed any change in ABCA1 expression. The results indicated that following transfection with PPARγ siRNA or an inhibitor along with LXRα siRNA, the upregulatory effect of allicin on ABCA1 expression was significantly reversed. Therefore, allicin upregulates ABCA1 expression, facilitates cholesterol efflux, and reduces lipid accumulation in THP-1 foam cells by activating the PPARγ/LXRα pathway.

In conclusion, this study proves that allicin reduces lipid accumulation through the upregulation of ABCA1 expression via PPARγ/LXRα signaling in THP-1 macrophage-derived foam cells. Treatment with allicin in the field of cardiovascular disease and the use of arsenic drug research and development may provide a novel strategy for the prevention and/or treatment of atherosclerosis. These findings offer a new perspective on the use of allicin for the treatment of atherosclerosis.
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![Effect of allicin at various concentrations on the viability of THP-1 macrophage-derived foam cells. (A) THP-1 macrophage-derived foam cells were stimulated with PMA and ox-LDL (50 mg/l), and then treated with 2.5, 5, 10, 20 and 40 g/l allicin for 24 h and were subjected to MTT assay to examine cell viability. (B) THP-1 macrophage-derived foam cells were stimulated with PMA and ox-LDL (50 mg/l), and then treated with 5 g/l allicin for 3, 6, 12, 24 and 48 h and were subjected to MTT assay to examine cell viability. The results are representative of 3 independent experiments. Data are expressed as the means ± SD (n=3), ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control. ox-LDL, oxygenized low density lipoprotein; PMA, phorbol myristate acetate.](IJMM-39-06-1452-g00){#f1-ijmm-39-06-1452}

![Effect of allicin on lipid droplet accumulation in THP-1 macrophage-derived foam cells. The cells were stimulated with PMA and ox-LDL (50 mg/l) and then incubated with 5 g/l of allicin for 24 h. Subsequently, the cells were stained with Oil Red O. Scale bar, 10 *µ*m. Magnification, ×200. Black arrows indicate foam cells. ox-LDL, oxygenized low density lipoprotein; PMA, phorbol myristate acetate.](IJMM-39-06-1452-g01){#f2-ijmm-39-06-1452}

![Allicin upregulates the expression of ABCA1 in THP-1 macrophage-derived foam cells. (A) THP-1 macrophage-derived foam cells were stimulated with PMA and ox-LDL (50 mg/l), and were then incubated with 50 *µ*mol/l ABCA1 siRNA for 6 h, followed by treatment with 5 g/l allicin for 24 h. ABCA1 mRNA expression was analyzed by RT-qPCR. (B and C) THP-1 macrophage-derived foam cells were stimulated with PMA and ox-LDL (50 mg/l), and then treated with 5 g/l allicin for 24 h. The protein expression of ABCA1, LXRα and PPARγ was determined by western blot analysis. The results are representative of 3 independent experiments. ^a^P\<0.05 was used to compare the control group; ^b^P\<0.05 was used to compare the model group. con, control.ABCA1, adenosine triphosphate (ATP)-binding cassette transporters A1; LXRα, liver X receptor α; PPARγ, peroxisome proliferator-activated receptor γ; ox-LDL, oxygenized low density lipoprotein; PMA, phorbol myristate acetate.](IJMM-39-06-1452-g02){#f3-ijmm-39-06-1452}

![Knockdown ABCA1 attenuates the decreasing effects of allicin on lipid droplet accumulation in THP-1 macrophage-derived foam cells. THP-1 macrophage-derived foam cells were stimulated with PMA and ox-LDL (50 mg/l), and then incubated with 50 *µ*mol/ml ABCA1 siRNA for 6 h, followed by treatment with 5 g/l allicin for 24 h. The cells were then stained with Oil Red O. Scale bar, 15 *µ*m. Magnification, ×200. Black arrows indicate foam cells. ABCA1, adenosine triphosphate (ATP)-binding cassette transporters A1; ox-LDL, oxygenized low density lipoprotein; PMA, phorbol myristate acetate.](IJMM-39-06-1452-g03){#f4-ijmm-39-06-1452}

![PPARγ is involved in the upregulation of ABCA1 expression induced by allicin. (A) Small interfering RNA (siRNA) inhibited PPARγ expression. THP-1 macrophage-derived foam cells were transfected with scrambled or PPARγ siRNA. PPARγ expression was determined by western blot analysis and RT-qPCR. The results are expressed as the means ± SD from 3 independent experiments. ^\*^P\<0.05 vs. controls. (B-D) Knockdown of PPARγ attenuated the allicin-induced upregulation of ABCA1 and LXRα expression. THP-macrophage-derived foam cells were transfected with 50 *µ*mol/ml PPARγ siRNA or 10 mmol/l GW9662 and then incubated with 5 g/l allicin for 24 h. The expression of ABCA1 and LXRα was measured by RT-qPCR and western blot analysis. The results are expressed as the means ± SD from 3 independent experiments. ^\*^P\<0.05 vs. allicin group. con, control; NG, negative siRNA; ABCA1, adenosine triphosphate (ATP)-binding cassette transporters A1; LXRα, liver X receptor α.](IJMM-39-06-1452-g04){#f5-ijmm-39-06-1452}

![LXRα is involved in the upregulation of ABCA1 expression induced by allicin. (A) Small interfering RNA (siRNA) inhibited the expression of LXRα. THP-1 macrophage-derived foam cells were transfected with scrambled or 50 *µ*mol/ml LXRα siRNA. LXRα expression was determined by western blot analysis and RT-qPCR. The results are expressed as the means ± SD from 3 independent experiments. ^\*^P\<0.05 vs. controls. (B--D) Knockdown of PPARγ attenuated the allicin-induced upregulation of ABCA1. THP-macrophage-derived foam cells were transfected with 50 *µ*mol/ml LXRα siRNA and then incubated with 5 g/l allicin for 24 h. The expression of ABCA1 and LXRα was measured by RT-qPCR and western blot analysis. The results are expressed as the means ± SD from 3 independent experiments. ^\*^P\<0.05 vs. allicin group. con, control; NG, negative siRNA; ABCA1, adenosine triphosphate (ATP)-binding cassette transporters A1; LXRα, liver X receptor α.](IJMM-39-06-1452-g05){#f6-ijmm-39-06-1452}

###### 

Effects of allicin on free cholesterol and cholesterol esters in in THP-1 macrophage-derived foam cells.

  Group             TC                                                            FC                                                            CE                                                            CE/TC (%)
  ----------------- ------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------
  Control           152.32±11.54                                                  98.73±7.29                                                    55.57±5.61                                                    36.48
  Model group       513.75±31.46[a](#tfn2-ijmm-39-06-1452){ref-type="table-fn"}   186.48±21.16[a](#tfn2-ijmm-39-06-1452){ref-type="table-fn"}   327.23±23.12[a](#tfn2-ijmm-39-06-1452){ref-type="table-fn"}   63.69[a](#tfn2-ijmm-39-06-1452){ref-type="table-fn"}
  Allicin (5 g/l)   176.98±20.56[b](#tfn3-ijmm-39-06-1452){ref-type="table-fn"}   91.18±25.62[b](#tfn3-ijmm-39-06-1452){ref-type="table-fn"}    85.92±24.39[b](#tfn3-ijmm-39-06-1452){ref-type="table-fn"}    48.54[b](#tfn3-ijmm-39-06-1452){ref-type="table-fn"}

THP-1 macrophage-derived foam cells were divided into 3 groups and cultured at 37°C in medium containing 5 g/l allicin for 12 h. Cellular cholesterol and CE were extracted, as described in the Materials and methods. HPLC was performed to determine the levels of cellular TC, FC and CE. Results are expressed as the means ± SD of 3 independent experiments performed in triplicate.

P\<0.05 is used in the comparison with the control group;

P\<0.05 is used in the comparison with the model group. TC, total cholesterol; FC, free cholesterol; CE, cholesterol ester; HPLC, high-performance liquid chromatography. Data are the means ± SD, n=3. Cholesterol levels are in mg/g.

###### 

Effect of allicin on cholesterol efflux in THP-1 macrophage-derived foam cells.

  Group             Cholesterol efflux (%)
  ----------------- -------------------------------------------------------------
  Control           8.92±1.64
  Model group       18\. 65±1.75[a](#tfn5-ijmm-39-06-1452){ref-type="table-fn"}
  Allicin (5 g/l)   43.36±2.56[b](#tfn6-ijmm-39-06-1452){ref-type="table-fn"}

THP-1 macrophages-derived foam cells were treated with 2 *µ*lCi/ml \[^3^H\]cholesterol followed by treatment with allicin at 5 g/l for an additional 24 h. Cells were then incubated with or without 10 mg/l apoA-I for 8 h. \[^3^H\]cholesterol radioactivity was measured.

P\<0.05 compared with control;

P\<0.05 compared with model group. apoA-I, apolipoprotein A-I. Data are the means ± SD, n=3. Cholesterol efflux values are in percentages (%).

###### 

Effect of allicin on free cholesterol and cholesterol esters in in THP-1 macrophage-derived foam cells

  Group                              TC                                                            FC                                                            CE                                                            CE/TC (%)
  ---------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------
  Control                            148.32±10.48                                                  97.73±6.29                                                    51.57±5.72                                                    36.48
  Model group                        543.15±22.36                                                  194.48±21.16                                                  349.23±33.12                                                  63.69
  Allicin(5 g/l)                     167.68±23.36[a](#tfn8-ijmm-39-06-1452){ref-type="table-fn"}   97.18±21.62[a](#tfn8-ijmm-39-06-1452){ref-type="table-fn"}    70.82±22.39[a](#tfn8-ijmm-39-06-1452){ref-type="table-fn"}    42.23[a](#tfn8-ijmm-39-06-1452){ref-type="table-fn"}
  Allicin(5 g/l) + ABCA1 scrambled   163.28±23.36                                                  98.38±21.62                                                   64.90±22.39                                                   39.74
  Allicin(5 g/l) + ABCA1 siRNA       553.15±23.36[b](#tfn9-ijmm-39-06-1452){ref-type="table-fn"}   198.48±27.16[b](#tfn9-ijmm-39-06-1452){ref-type="table-fn"}   355.23±31.12[b](#tfn9-ijmm-39-06-1452){ref-type="table-fn"}   64.22[b](#tfn9-ijmm-39-06-1452){ref-type="table-fn"}

THP-1 macrophage-derived foam cells were divided into 5 groups and cultured at 37°C in media containing 50 *µ*mol/ml ABCA1 siRNA for 6 h, followed by treatment with 5 g/l allicin for 24 h. Cellular cholesterol and cholesterol ester were extracted as described in the Materials and methods. HPLC was performed to determine the levels of cellular TC, FC and CE. Results are expressed as the means ± SD of 3 independent experiments performed in triplicate.

P\<0.05 vs. control;

P\<0.05 vs. allicin. TC, total cholesterol; FC, free cholesterol; CE, cholesterol ester; HPLC, high-performance liquid chromatography. Cholesterol levels are in mg/g.

[^1]: Contributed equally
